Introduction
Metallic sandwich panels with prismatic cores are being developed for structures subjected to both structural and thermal loads ͓1-4͔. For structural efficiency alone, the honeycomb core is the benchmark against which other topologies are compared and assessed ͓5-10͔. However, to effect active cooling, the cores must have open contiguous channels: thereby eliminating the honeycomb core. In such circumstances, prismatic cores ͑Fig. 1͒ are preferred. The present paper focuses on the design of such panels for maximum structural efficiency. Another paper has demonstrated the issues involved in maximizing thermal performance ͓3͔.
The core topology consists of a periodic array of diamondshaped prismatic cells. Its geometry is characterized by: ͑i͒ the inclination angle of the core elements with respect to the face sheets and ͑ii͒ the degree of corrugation, n ͑defined such that 2n represents the number of complete unit cells across the panel thickness͒. The methods used to fabricate such panels have been described elsewhere ͓11͔. Namely, a series of n − 1 equally spaced slots are machined into long rectangular plates to their midlength; two sets of such plates are interlaced at the prescribed angle ; and the assembly bonded by brazing. The corrugated core, although conceptually a limiting case, is unique because it can be fabricated less expensively by alternately bending a flat plate through angles of ±2 and then attaching to faces by brazing or welding. One implication is that selection of the prismatic over the corrugated core is justifiable only if significant performance benefits accrue.
The paper builds on previous analytical ͓1͔ and experimental studies ͓12͔ on strength optimization of prismatic core panels subject to out-of-plane bending. The procedure involves three steps: ͑i͒ identifying all potential failure modes; ͑ii͒ determining the critical loads needed to activate each; and ͑iii͒ ascertaining the geometric parameters that maximize panel strength at prescribed areal density. The anisotropy of the panels in the two principal loading directions ͑longitudinal and transverse with respect to the prism axis͒ is incorporated. The analytical results derived by Valdevit et al. ͓1͔ form the basis for all of the ensuing design and optimization results.
The present paper differs from others on related topics by conducting optimizations for panels that must support bending loads in both principal orientations ͑see the Appendix for details͒. Initially, the optimizations are performed independently in each of the two directions. Then, the anisotropy is ascertained by comparing the strengths of panels optimized for one principal direction with the corresponding strength of the same panel in the orthogonal direction. Furthermore, to assess the potential performance benefits of the prismatic core ͑n ജ 2͒ over the corrugated core ͑n =1͒, comparisons are made between two sets of optimizations: those with n as any integer relative to others with n = 1. Finally, optimizations are performed for panels that support a prescribed load in both principal orientations. The results for these "quasiisotropic" panels are compared with those of optimized honeycomb core panels ͓9͔.
Optimization Procedures
The objective is to ascertain the geometric parameters that maximize structural performance. In addition to and n, there are three pertinent dimensions: ͑i͒ face sheet thickness t f , ͑ii͒ core thickness H c , and ͑iii͒ core element thickness t c ͑Fig. 1͑b͒͒. The two principal directions, transverse and longitudinal, are indicated in Fig. 1͑a͒ .
Two performance indices are used to assess structural performance: one based on weight and the other on load. The load index for strength-based designs is expressed through a combination of the maximum bending moment M and maximum transverse shear V ͑both per unit width͒ ͓6,13͔
where E is Young's modulus. The ratio of the maximum M and V defines a characteristic length scale,
where W is the structural weight per unit area and the density of the solid material. ͑FY͒, face buckling ͑FB͒, core yielding ͑CY͒, and core buckling ͑CB͒. The failure load for each can be expressed in terms of the five geometric parameters ͑normalized accordingly͒ and the material yield strain y written generically as
where the subscript i refers to the failure mode. The critical load is the minimum of the four failure loads. Analytical expressions for ⌸ i are summarized in the Appendix. The models to be pursued include the effects of both the shear force and the bending moment on core failure in the longitudinal orientation. Inclusion of latter contrasts with previous studies ͓14͔, which assumed that such failure is shear dominated ͑neglecting the moment͒. One consequence is that the results only apply when the maximum moment and shear occur at the same cross section ͑exemplified by a clamped cantilever beam or simply supported three-point bending͒. The significance of the combined effects will be addressed in Sec. 4.
The optimization seeks the geometry that yields the maximum load capacity ⌸, for a prescribed weight ⌿, and material yield strain y . A numerical procedure was devised for this optimization. The independent variables were discretized over the entire range of possible values and the failure loads calculated using the formulas in the Appendix. The number of computations performed in such an optimization is N = ͟ k=1 5 N k ͑where N k represents the number of increments for each of the independent variables, k͒. To ensure high numerical fidelity and yet retain computational efficiency, the optimizations were performed in two steps. In the first, coarse increments were used to obtain preliminary estimates of the parameter values at the optimum, without recourse to an inordinate number of computations. In the next, the parameter space near the estimated optimum was discretized more finely and the calculations repeated.
As in previous studies, the optimizations were performed for weights in the range 0.001ഛ⌿ഛ0.1. Two values of yield strain were used ͑ y = 0.001 and y = 0.007͒, selected to bracket the range for most structural metallic alloys. Additionally, to ensure that the designs are in the domain of thin plates, the core thickness was restricted to H c / ᐉ ഛ 0.2. For consistency with the underlying assumptions in the analysis of sandwich panels, the ensuing results are only presented over the range t f / H c ഛ 0.1.
Optimization for Transverse Loading
Optimization results for the transverse orientation are plotted in Fig. 2 . For prismatic cores ͑n ജ 2͒, the optimal n is found to be nonunique in the sense that, once n exceeds a critical value, the load capacity becomes independent of n. The minimum n at the optimum, plotted in Fig. 2͑f͒ , diminishes with increasing load, starting from n Ϸ 20 at the lowest loads, and saturating at n =1 at high loads. At the latter, n = 1 represents a unique optimum in the sense that higher values yield lower strengths.
The optimal values of the other parameters are plotted in Figs. 2͑b͒-2͑e͒. Both the core and face thicknesses follow power law scaling with load, with a change in the power at the load where the core thickness reaches its maximum allowable value ͑H c / ᐉ ഛ 0.2͒. Similar scaling has been obtained from more restricted analytical optimization studies of sandwich panels ͓14͔. The core member thickness also increases with load, but with discontinuous jumps when n changes. Finally, the optimal corrugation angle is either at or near 45 deg over the pertinent load range. This contrasts with the value ͑54.7 deg͒ that yields maximum core stiffness ͓1,2͔.
To assess the benefits of the prismatic core over the corrugated core, Fig. 2 includes comparisons with optimized panels restricted to n =1 ͑Fig. 2͒. At low loads, wherein the optimal n ӷ 1, the prismatic cores outperform their corrugated counterparts, by a factor of about 2. But, at higher loads, the weights of the two panels converge, as n → 1. Whether, in practice, the prismatic core would be selected ͑given differences in manufacturing cost͒ would depend on the importance attached to the weight.
Optimization for Longitudinal Loading
Optimization results for longitudinal loading ͑Fig. 3͒ reveal that the optimal n is unity over the entire load range: that is, the prismatic core provides no benefit. This conclusion is consistent with that from a previous optimization study in which the inclination angle had been fixed ͓1͔. The pertinent dimensions of the face and core members increase with load in a manner qualitatively similar to that for the transverse optimization. The optimal corrugation angle, however, is generally higher for the longitudinal optimization: 60 degഛ ഛ 70 deg over most of the load range.
A comparison with optimization results conducted by assuming that core failure is shear dominated ͓14͔ ͑Fig. 3͒ indicates that the latter overestimated the loads by as much as a factor of 2. The discrepancies are most pronounced at low loads. This finding highlights the important role of the bending moment in core failure.
Strength Anisotropy and Joint Optimization
The anisotropy of the optimized panels is illustrated in Fig. 4͑a͒ for a material with yield strain y = 0.001. The figure enables the following comparisons: ͑i͒ the load capacities of panels optimized for transverse loading with those for a panel with identical design but loaded longitudinally; and ͑ii͒ the load capacities of panels optimized for longitudinal loading with those for the same panels loaded transversely. The degree of anisotropy is further exemplified by the ratio of longitudinal to transverse load capacities, ϵ ⌸ L / ⌸ T , plotted in Fig. 4͑b͒ . For the transverse optimization, the anisotropy decreases with increasing panel weight: 1 / decreases from about 5-10 ͑depending on yield strain͒ to about unity. For the longitudinal optimization, the anisotropy remains high over the entire load range ͑5 ഛഛ10͒.
In practice, the anisotropy would be problematic. To address this issue, additional optimizations were performed to ascertain designs that yield prescribed load capacities in both principal directions. This was accomplished by combining the four constraints for transverse loading ͑Eqs. ͑A1͒-͑A4͒ in the Appendix͒ with the four constraints for longitudinal loading ͑Eqs. ͑A6͒-͑A9͒͒ and repeating the optimizations. The results are plotted in Fig. 5 . These jointly optimized panels are somewhat weaker than those optimized separately: by a factor of about 2 at low loads, but decreasing progressively with increasing load. Arguably, the weight penalty associated with joint optimization is outweighed by the reduction in anisotropy coupled with retention of a significant fraction of the maximum possible load capacity.
The optimal values of the geometric parameters exhibit various discontinuities ͑both positive and negative͒ when plotted against load ͑Figs. 5͑b͒-5͑f͒͒. These are manifestations of changes in the active failure modes ͑shown in Fig. 5͑a͒͒ . A particularly notable trend is in the degree of corrugation. That is, n = 1 at the optimum at both low and high loads. In the intermediate load domain, it first rises from n =1 to n = 7 and subsequently drops in a step-wise fashion back to n =1.
To assess the benefits of the prismatic core, additional joint optimizations were performed for the corrugated core panels ͑n =1͒. Comparisons are presented in Fig. 6 and the optimal geometric parameters plotted in Figs. 5͑b͒-5͑e͒. Differences in performance appear to be remarkably small. At both high and low loads, the two core topologies perform equally well: a consequence of the optimal value of n being 1 in these domains ͑Fig. 5͑b͒͒. At intermediate loads, the corrugated core panels are only slightly weaker than those with prismatic cores: the maximum difference being about 20%. These differences would not justify the additional cost of the prismatic cores.
Finally, for perspective, the results of the jointly optimized prismatic panels are compared with those for square honeycomb core panels in Fig. 6 ͓9͔ . At low loads, the honeycomb core panels are superior: the strength ratio being about 0.6. But, at higher loads, the gap diminishes and the ranking eventually reverses. In the latter domain, the corrugated core panels also outperform the honeycomb panels, especially for materials with low yield strains.
Conclusions
Optimizations have been performed to identify designs of prismatic core sandwich panels that exhibit maximum load capacity under bending loads. When optimized solely for transverse loading, prismatic panels outperform those with corrugated cores, but only at low loads. At high loads, the two are comparable. In contrast, when optimized solely for longitudinal loading, the corrugated core panel is always optimal.
The anisotropy can be mitigated by optimizing jointly for both orientations. The ensuing designs have only slightly lower load capacity than those optimized singly. Moreover, the corrugated core panels perform almost as well as those with prismatic cores. The performance differences are not sufficient to offset the higher manufacturing costs of panels with prismatic cores.
Finally, from a structural viewpoint, the jointly optimized corrugated panels are competitive with honeycomb core panels, especially at high load capacities. With the additional potential for multifunctionality ͑notably active cooling͒, the corrugated core panels appear to be promising thermostructural elements. rived and their accuracy assessed through select finite element analyses. The key analytical results are summarized below and utilized in the optimization studies described in the text. It is noted parenthetically that the optimization study by Valdevit et al. was more restrictive than the present one; specifically, the corrugation angle was fixed at = 54.7 deg ͑to give maximum shear stiffness in the transverse orientation͒. Additionally, although limited parametric studies were performed to assess the effects of n on the optimal designs, the optimal values of n were not ascertained. The optimization results presented in Secs. 3 and 4 are more general in the sense that both and n are treated as independent variables in the optimizations.
The failure models presented by Valdevit et al. ͓1͔ and utilized here go beyond those presented in earlier studies. Specifically, in the longitudinal orientation, the effects of both the bending moment and the shear force on core failure are considered. Previous studies ͓14͔ neglected the former effect. This assumption is valid for transverse loading; its effect in the longitudinal direction is assessed.
In the transverse orientation, the critical loads for the four failure modes are ͓1͔ In the longitudinal orientation, the critical loads are
Here the buckling coefficients are k b = 23.9, k cb = 7.81, k s = 5.35, and k c = 4 and y is the normal distance from the neutral axis.
